Introduction
The development of high energy density rechargeable batteries may enable the widespread adoption of mass market electric vehicles, thereby offering a promising route toward reducing the overall carbon footprint of our economy. The industry standard for rechargeable batteries is the lithium-ion battery, comprised of a graphite anode, a composite cathode, and an organic liquid electrolyte through which lithium ions are shuttled to and from the electrodes during charge and discharge. Next generation battery technology centers around increasing the energy density by employing novel active materials that are generally incompatible with traditional liquid electrolytes.
Promising alternatives for liquid electrolytes include those based on polymers such as mixtures of polyethylene oxide (PEO) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. [3] [4] [5] [6] Complete characterization of a battery electrolyte material requires knowledge of three independent transport properties: ionic conductivity, σ, salt diffusion coefficient, D, and cation transference number, t + , in addition to the thermodynamic factor, (1+ d ln γ ± / d ln m ) . 7 The experimental techniques for accurate measurement of σ and D are well established; data of σ from ac impedance spectroscopy and D from restricted diffusion are prevalent in the literature. In contrast, the best technique for measuring t + remains a topic of discussion. This technique is straightforward for liquid electrolytes and has been applied to a wide variety of systems. 9 An extension of this approach was later developed for solid electrolytes by Tubandt, 10 where the masses of the electrolyte compartments are measured instead of the salt concentration. Since then, a wide variety of approaches for determining the transference number have emerged. Techniques such as the moving boundary method, 11 electromotive force measurement, 12 and electrophoretic NMR 13 are experimentally rigorous, requiring complex experimental setups, special salts, or unique cell architecture. Other techniques commonly used to measure t + such as impedance spectroscopy 14, 15 and pulsed-field gradient NMR 16, 17 rely on assumptions that are invalid for concentrated electrolytes.
Due to experimental simplicity, the steady-state current approach outlined by Bruce and Vincent 18, 19 is perhaps the most prevalent technique reported in the literature. In this experiment, a polarization is applied across a symmetric cell with non-blocking electrodes, and the transference number is calculated by the ratio of the steady-state current to the initial current. We refer to this parameter as t +,SS , where the subscript is used to denote the experimental approach. Despite its popularity, t +,SS is derived using ideal solution assumptions and thus does not reflect the true transference number of an electrolyte. 2, 20 Values for t +,SS are bounded by zero and one, whereas the transference number has no bounds. 
Experimental
The polymers used in this study are 5 kg/mol and 275 kg/mol poly(ethylene oxide) (PEO) with -OH end groups purchased from Polymer Source, and the salt is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) purchased from Novalyte. We refer to the 5 kg/mol polymer as PEO-5K and the 275 kg/mol polymer as PEO-275K. All sample preparation was performed inside of an argon glovebox where water and oxygen levels remained below 1 and 5 ppm, respectively. Both the polymer and salt were dried thoroughly under vacuum (12 hours at 90°C for PEO, 3 days at 120°C for LiTFSI) in the glovebox antechamber before being transferred into the glovebox.
Electrolytes were prepared by fully dissolving PEO and LiTFSI in anhydrous Table 1 provides values of ρ, c, and m for all electrolytes in this study. 
The inner diameter of the spacer, 3.175 mm, is used to calculate a.
Thickness, L, is taken to be the final thickness of the electrolyte, measured after conductivity measurements were completed.
The steady-state current, restricted diffusion, and current interrupt measurements were performed on lithium-polymer-lithium cells. 
where i Ω is the initial current density calculated according to Ohm's law,
It is important to note that the resistance of the electrode-electrolyte interface is subtracted from the measured data to obtain t +,SS .
Restricted diffusion measurements were obtained using the concentration polarization introduced by the steady-state current experiment. Upon removal of the applied potential, the open-circuit voltage,
OCV, of the cell relaxed with time, t. The salt diffusion coefficient, D, is calculated using 
and for PEO-275K is The relationship between the electrolyte characteristics shown in Figure 2 and the cation transference number, t +,Ne , has been defined by Newman and coworkers. The sign of t +,Ne at r = 0.16 is negative in both PEO electrolytes. The existence of negative transference numbers in polymer electrolytes has been acknowledged in previous literature, 1, 22, 23 and is the topic of recent work from our group. 31, 37 The sign of the transference number provides some insight where t + is the cation transference number that, in principle, can be determined using a variety of approaches. We use t +,Ne (Figure 3a ) and dU/dln(m) (Figure 2d ) to calculate (1+dlnγ ± /dlnm) as a function of r. In Figure   3b , we report on the thermodynamic factor of PEO-5K and PEO-275K electrolytes. The value for thermodynamic factor in an ideal solution is unity.
Given that our data for (1+dlnγ ± /dlnm) are greater than one throughout much of the concentration range (Figure 3b) , we conclude that our electrolytes are nonideal at most concentrations (r ≥ 0.04). It is clear that the thermodynamic factor in both PEO electrolytes is similar, suggesting that the activity coefficient of PEO/LiTFSI mixtures is independent of polymer molecular weight above 5 kg/mol. We calculate the transference number based on the current interrupt technique, t +,CI , using an equation derived by Ma et al.,
where m CI is given in Figure 4b , D is given in Figure 2b , and dln(c)/dU is obtained by fitting the concentration cell data in Figure 2d in terms of ln(c), instead of ln(m). The dependence of m on c in PEO/LiTFSI is given in Table 1 .
In Figure 5a PEO-5K is significantly higher than that in PEO-275K. The formation of resistive layers in PEO-5K may be attributed to reactions between the end groups and Li metal; the reaction between -OH groups and Li metal is wellestablished. 42 The increase in R i during conditioning cycles in PEO-5K is most pronounced at low salt concentrations (r < 0.12). Perhaps, the presence of LiTFSI at high concentrations slows down the reaction between -OH groups and Li metal. We note that r < 0.12 is also the concentration range where the differences between t +,Ne and t +,CI in PEO-5K are most significant ( Figure   5b ). Further study is required to determine the influence of interface layers on the measurements of on t +,CI . Representation of the length scales over which salt concentration gradients form in the electrolyte during our transference number measurements in lithium-polymer-lithium cells: t +,CI probes the electrolyte near the electrode surface whereas t +,Ne probes the bulk electrolyte. This may explain the discrepancy between t +,Ne and t +,CI in PEO-5K (Figure 5b) there is a substantial difference between the t +,CI and t +,Ne , especially at low salt concentrations. We attribute this to the fact that the parameters measured to obtain t +,CI are sensitive to the nature of the lithium electrodeelectrolyte interfaces. In contrast, the parameters measured to obtain t +,Ne are insensitive to the nature of the lithium electrode-electrolyte interfaces.
Our work thus suggests that t +,Ne is a more robust measure of the transference number. 
